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A tight-binding model of bcc tungsten that includes spin-orbit coupling is developed and applied to the surface
states of (110) tungsten thin films. The model describes accurately the anisotropic Dirac cone-like dispersion
and Rashba-like spin polarization of the surface states, including the crucial effect of the relaxation of the surface
atomic layer of the tungsten towards the bulk. It is shown that the surface relaxation affects the tungsten surface
states because it results in increased overlaps between atomic orbitals of the surface atomic layer and nearby
layers whereas electric fields that are due to charge transfer between the tungsten and the vacuum near the surface
or between the bulk and surface layers do not significantly affect the Rashba-Dirac surface states. It is found
that hybridization with bulk modes has differing strengths for thin film surface states belonging to the upper and
lower Rashba-Dirac cones and results in reversal of the directions of travel of spin ↑ and ↓ electrons in most
of the upper Rashba-Dirac cone relative to those expected from phenomenology. It is also shown that intrasite
(not intersite) matrix elements of the spin-orbit Hamiltonian are primarily responsible for the formation of the
Rashba-Dirac cones, and their spin polarization. This finding should be considered when modeling topological
insulators, the spin Hall effect and related phenomena.
PACS numbers: 75.70.Tj, 73.20.-r, 71.20.Be, 85.75.-d
I. INTRODUCTION
Spin-orbit coupling in non-magnetic materials gives rise
to spin-split electronic states in Rashba systems1,2 and topo-
logical insulators.3,4 The resulting locking of spin to the
crystal-momentum offers potential avenues for the realiza-
tion of novel spintronic devices and quantum computation.
Electronic states that are spin-split due to strong spin-orbit
coupling also occur at the surfaces of some non-magnetic
metals, including gold,5–9 tungsten,10–23 silver,6,9 copper,24,25
bismuth,26–31 antimony,32 and iridium.33
Following the recent experimental observation at the tung-
sten (110) surface of Rashba-like spin-split and spin-polarized
electronic states forming an anisotropic Dirac cone-like band
structure,13 there has been renewed interest in develop-
ing a better understanding of this system.13–23 It has been
demonstrated14 that the experimentally observed anisotropic
Dirac cone-like band structure can be fitted accurately by a
phenomenological third order Rashba model for surfaces with
C2v symmetry.34 Ab initio calculations15,17,19,20,22,23 have also
accounted for the experimental data, including the Dirac cone-
like dispersion and the spin polarizations of the observed sur-
face states. However, it is also of interest to investigate the un-
derlying physics with the help of a tight-binding model that,
unlike the anisotropic Rashba phenomenology,14 is atomistic
and also can provide insights that are complimentary to those
obtained from ab initio calculations.15,17,19,20,22,23 Such a tight-
binding model is introduced here and applied to tungsten thin
films with (110) surfaces and their electronic subband struc-
ture.
The present tight-binding model is a modification of ex-
tended Hu¨ckel theory,35–38 generalized to include spin-orbit
coupling as was proposed in Refs. 39 and 40 for molecular
nanomagnets. It is parameterized to accurately reproduce the
electronic band structure of bulk b.c.c. tungsten, both with41,42
and without43 the inclusion of spin-orbit coupling. The results
obtained for the W(110) Rashba-Dirac cone surface states are
in remarkably good agreement with those of the previous ab
initio15,17,19,20,23 calculations for semi-infinite tungsten crys-
tals. However, the present tight-binding approach and inves-
tigation of the thin film subband structure yields additional
insights outlined below.
Although the present model is parameterized by fitting to
only the bulk electronic structure of tungsten, it also captures
correctly the important effect17 on the Rashba-Dirac cone sur-
face states of the relaxation of the W(110) surface atomic
layer towards the bulk that is observed experimentally.44,45 It
is shown below that this effect is due to the increased over-
laps between atomic orbitals of the tungsten surface and bulk
atomic layers induced by the relaxation. It is also shown that
the contribution of electric fields that are due to charge trans-
fer between the tungsten and the vacuum near the surface or
between the bulk and surface layers to this effect and their in-
fluence on the Rashba-Dirac cone-like dispersion of tungsten
(110) surface states are both at most minor.
The present work also reveals that hybridization with bulk
modes results in the directions of travel of spin ↑ and ↓ elec-
trons in the thin film’s surface states belonging to most of the
upper Rashba-Dirac cone being reversed relative to those pre-
dicted by phenomenological Rashba models. This reversal
is due to dense anticrossings between the surface and bulk-
like states that arise from their strong hybridization. It is
also shown that hybridization between the bulk-like states and
lower Rashba-Dirac cone states is much weaker than that be-
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2tween the bulk states and upper Rashba-Dirac cone states,
suggesting that the intrinsic lifetimes of the upper and lower
Rashba-Dirac cone surface states may differ significantly.
Finally, a comparison of the present model with the stan-
dard tight binding formulation4,46 of the original Rashba
model1 is made and strongly suggests that the mechanism
responsible for the Rashba-like dispersion and spin polariza-
tion of W(110) surface states differs fundamentally from that
of the original Rashba effect in nearly free 2DEG’s at semi-
conductor interfaces. This conclusion is consistent with that
reached previously by entirely different reasoning47 for sur-
face states of other materials. It may be expected to have sig-
nificant implications for theoretical work on topological insu-
lators, spin Hall phenomena and related topics.
The remainder of this article is organized as follows: The
tight-binding model of tungsten is explained in Section II. The
results obtained by applying the model to tungsten (110) thin
films are presented and discussed in Section III. The conclu-
sions drawn from this work are summarized in Section IV.
II. MODEL
The tight binding model developed here is based on ex-
tended Hu¨ckel theory,35–38 a semi-empirical tight binding
scheme from quantum chemistry that is formulated in terms
of a small set of Slater-type atomic valence orbitals {|φi〉},
their overlapsOij = 〈φi|φj〉 and a Hamiltonian matrixH0ij =
〈φi|H0|φj〉. In extended Hu¨ckel theory the diagonal Hamilto-
nian elements H0ii = i are chosen to be the (negative) atomic
orbital ionization energies. The Hamiltonian matrix elements
for i 6= j are approximated by
H0ij = KijOij(i + j)/2 (1)
In the Wolfsberg-Helmholz form of extended Hu¨ckel theory,35
the empirical parameters Kij are all set to 1.75 in order for
the model to yield approximate energy levels for a variety
of simple molecules. In the present work the i and Kij are
fitting parameters chosen so that the model accurately repro-
duces the non-relativistic band structure of bulk bcc tungsten
given in Ref. 43 if the Hamiltonian matrix is given by equa-
tion (1) and the overlap matrix Oij is calculated using a stan-
dard extended Hu¨ckel software package.48 First, second and
third neighbor matrix elements H0ij and Oij are included in
the present model. The values of the parameters i and Kij
used in this work are given in Tables I and II. With these
parameter values, the present model (without spin-orbit cou-
pling) matches the non-relativistic band structure of bulk bcc
tungsten given in Ref. 43 well throughout the Brillouin zone
in the energy range from ∼10 eV below the Fermi level to
∼10 eV above the Fermi level.
It is worth noting that in the tight-binding model presented
in Ref. 43, all of the matrix elements H0ij and Oij are treated
as fitting parameters. An advantage of the present methodol-
ogy is that here, unlike in Ref. 43, the overlap matrix elements
Oij are not fixed but depend on the atomic geometry of the
tungsten and hence the present formalism can treat deforma-
tions of the tungsten crystal whereas the tight-binding model
Table I. Tight-binding orbital energy parameters for bcc tungsten
used in the present work. The x, y and z axes are aligned with the
cubic crystal axes of bcc tungsten.
Orbital 6s 6p 5dx2−y2 , 5dz2 5dxy ,5dxz ,5dyz
i (eV) -11.907697 -4.855731 -11.271223 -10.365356
Table II. Tight-binding parameters Kij = Kji for bcc tungsten.
α, α′ = x, y or z. β = xy, xz or yz. γ = x2 − y2 or z2.
δ, δ′ = xy, xz, yz, x2 − y2 or z2. The x, y and z axes are aligned
with the cubic crystal axes of bcc tungsten. The tungsten lattice pa-
rameter is a = 3.16A˚.
neighbor first second third
Ks,s 2.15 1.50 2.25
Kpα,pα 1.75 3.00 3.00
Kpα,pα′ , α6=α′ 2.30 2.00 2.00
Kdβ ,dβ 2.30 1.70 1.70
Kdγ ,dγ 2.00 2.00 2.00
Kdδ,dδ′ , δ 6=δ′ 1.95 2.00 2.00
Ks,pα 2.75 2.15 2.25
Ks,dδ 2.25 2.30 2.40
Kpα,dγ 2.40 2.00 3.50
Kpα,dβ 1.75 2.00 2.00
in Ref. 43 cannot. This is important since the relaxation of the
W(110) surface atomic layer towards the bulk44,45 strongly af-
fects the surface states17 that are the topic of the present work.
H0ij , like standard extended Hu¨ckel theory, does not in-
clude spin-orbit coupling which is included in the present
tight binding model using the formalism developed in Refs.
39 and 40 to treat spin-orbit coupling in molecular nanomag-
nets. As shown in Refs. 39 and 40, the spin-orbit Hamiltonian
HSO =
~
(2mc)2σ · ∇V (r)× p can be approximated as a sum
of atomic contributions and its tight-binding matrix elements
can then be expressed as intrasite and intersite terms. The in-
trasite matrix elements for site α are39,40
〈Ψαlds|H intraSO |Ψαl′d′s′〉 =
ζlα
~2
〈αlds|S · Lα|αld′s′〉δll′ (2)
where
ζlα = 〈Rαl| 1
2m2c2
1
|r− rα|
dVα(|r− rα|)
d(|r− rα|) |Rαl〉 (3)
and the atomic orbital |Ψαlds〉 for site α is the product of a
radial part |Rαl〉 and directed atomic orbital |αlds〉. Here l
is the orbital angular momentum quantum number, d may be
s, px, py, pz, dxy, dxz, ... depending on the value of l, and s
is the spin quantum number. The principal quantum number
n is suppressed. S is the spin angular momentum, Lα is the
orbital angular momentum relative to the nucleus located at rα
and Vα is the electron potential energy contribution of atom α.
3The intersite matrix elements are39,40
〈Ψα′l′d′s′ |H interSO |Ψαlds〉 = (1− δα′α)×∑
d′′s′′
[Oα′l′d′s′,αld′′s′′〈Ψαld′′s′′ |H intraSO |Ψαlds〉
+Oαlds,α′l′d′′s′′〈Ψα′l′d′′s′′ |H intraSO |Ψα′l′d′s′〉∗]
(4)
where Oαlds,α′l′d′s′ = 〈Ψαlds|Ψα′l′d′s′〉 is the overlap be-
tween the valence orbitals on sites α and α′.
The matrix elements of S ·L/~2 that appear in Eq. (2) have
been evaluated analytically. Explicit expressions for them in
the cubic harmonics representation for the angular parts of s, p
and d orbitals that is used in the YAEHMOP extended Hu¨ckel
software package48 are given in Table II of Ref. 49. They
do not depend on which material is being considered since
only the angular parts of the atomic orbitals are involved; the
effects of the radial parts are included in the parameters ζlα
defined by Eq. (3). The parameters ζlα in Eq. (2) and (3) char-
acterize the strength of the spin-orbit coupling. In the present
work their values are determined by fitting the bulk tungsten
band structure obtained for the complete tight-binding Hamil-
tonian H = H0 + H intraSO + H
inter
SO (with H
0 parameterized
according to Tables I and II) to the relativistic ab initio band
structures for bulk tungsten in Refs. 41 and 42. This yields
ζ5dα = 0.311eV and ζ6pα = 1.74eV. These values were ob-
tained by fitting to the ab initio values41,42 of band splittings
opened by the spin-orbit coupling at the Γ point (specifically,
the gap centered ∼ 1eV below the Fermi level) and H point
(the gap centered ∼ 8.5eV above the Fermi level) of the Bril-
louin zone. The size of the former gap is affected mainly by
ζ5dα and the latter mainly by ζ6pα. With these parameter val-
ues, the band structure obtained from the present model (with
spin-orbit coupling) matches the relativistic band structures
of bulk bcc tungsten given in Refs. 41 and 42 reasonably well
throughout the Brillouin zone in the energy range from ∼10
eV below the Fermi level to ∼10 eV above the Fermi level.
III. RESULTS
Fig. 1 shows the calculated energies E of the subband
Bloch states vs. in-plane wave vector for a 50 atomic layer
thin film of tungsten with (110) surfaces for high symmetry
cuts Γ¯−H¯ and Γ¯−N¯ through the 2D Brillouin zone that is dis-
played in Fig. 2(a). The surface atomic layers of the film are
relaxed towards the bulk by the experimentally measured44,45
2.75% of the bulk interlayer spacing. Surface states are plot-
ted in color. Those with probabilities P of the electron being
in the (110) surface atomic layer are shown in red, orange and
yellow for P > 0.3, 0.3 > P > 0.15 and 0.15 > P > 0.075,
respectively. The anisotropic upper and lower Rashba-Dirac
cones with their common apex at Γ¯ are clearly visible, su-
perposed in color on the discrete subband structure of the thin
film. The energy splittings between the upper and lower cones
are much larger in the Γ¯−H¯ direction than in the Γ¯−N¯ di-
rection, as expected from previous work on the surfaces of
macroscopic crystals.13–21,23
The strongly spin polarized surface states are shown in
Fig. 3 for a cut through the 2D Brillouin zone along the line
H¯−Γ¯−H¯ in the Brillouin zone. The states shown in color have
a strong presence on the (110) surface atomic layer (as in Fig.
1) and also are strongly spin polarized, i.e., more than 90%
spin ↑ or spin ↓ in the (110) surface atomic layer. In Fig. 3,
the spin quantization axis is in the (110) plane and perpendicu-
lar to the wave vector of the subband Bloch state. As expected
for Rashba spin-split states1,2 and consistent with experiments
and previous theories for (110) surfaces of macroscopic tung-
sten crystals,13–21,23 the spin polarization is opposite for the
states of the upper and lower Rashba-Dirac cones with the
same in-plane k vector and also opposite for states with the
same energy and opposite k vectors. The results for the oppo-
site (1¯1¯0) surface layer (not shown) are similar but the roles
of spin ↑ and ↓ are interchanged.
The results shown in Figures 1 and 3 agree very
well with the findings of both experiments and ab initio
calculations,13–23 if one allows for the fact that the previous
work has focused on the Rashba-Dirac cone states at the (110)
surfaces of macroscopic tungsten crystals that do not have the
discrete subband structure of the thin films considered here.
However, the thin film character of the present system makes
possible new insights into the effects that hybridization with
the bulk like states has on the Rashba-Dirac cone surface
states. In particular, as is clearly visible in Figures 1 and 3,
the strong hybridization with bulk-like states breaks up the
upper Rashba-Dirac cone in the Γ¯−H¯ direction into a series
of anticrossings. This results in the direction of group veloc-
ities v = 1~
∂E
∂kΓ¯−H¯
of electrons in the states of the upper cone
(except extremely close to the cone’s apex) being opposite to
that predicted by considering only the over all dispersion of
the Rashba-Dirac cone without examining in detail the effects
of hybridization on individual electronic subband states.
In view of the Rashba-like locking of the spin orientation
to the direction of the wave vector of the Rashba-Dirac cone
surface states in Fig. 3, this behavior of the group velocity
is interesting from the perspective of spintronics. This is be-
cause it means that in a thin film the directions of travel of spin
↑ and ↓ surface state electrons can be the reverse of the direc-
tions predicted from Rashba phenomenology and also from
the E(k) dispersion of surface states of semi-infinite crystals
deduced from ab initio calculations (such as those in Ref. 17)
of spectral densities of states in the Brillouin zone.
On close inspection, a similar reversal relative to the over
all dispersion of the Rashba-Dirac cone is found for the group
velocities of electrons in states of the upper Rashba-Dirac
cone in the Γ¯−N¯ direction in Fig. 1. However, hybridiza-
tion has no such effect on the lower Rashba-Dirac cone in
the Γ¯−H¯ direction; no anticrossings are visible there in Fig-
ures 1 and 3. Also while a series of anticrossings is present
in the lower Rashba-Dirac cone in the Γ¯−N¯ direction, the hy-
bridization with the bulk states there is extremely weak so that
the anticrossings occupy only very narrow ranges of k-space.
The very different degrees of hybridization of the bulk-like
states with the upper and lower Rashba-Dirac cone surface
states may be expected to result in different intrinsic lifetimes
of electrons in surface states belonging to the upper and lower
4Figure 1. (Color online) Calculated energies E of subband Bloch states vs. in-plane wave vector for a 50 atomic layer thin film of tungsten
with (110) surfaces for high symmetry directions in the 2D Brillouin zone. The surface atomic layers of the film are relaxed towards the bulk
consistent with experiment.44,45 States with larger probabilities P of the electron being in the (110) surface atomic layer are shown in color,
P > 0.3 in red, 0.3 > P > 0.15 in orange, 0.15 > P > 0.075 in yellow. Results for the opposite (1¯1¯0) surface layer are similar. The upper
and lower anisotropic Rashba-Dirac cones come together at their common apex at the Γ¯ point. The green line marks the energy range with a
high density of bulk-like states at the Γ¯ point.
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Figure 2. (Color online) (a) Brillouin zone of (110) tungsten film.
(b) Dispersion near apex of Rashba-Dirac cone for 50 atomic layer
thin film of tungsten with (110) surfaces and no surface relaxation.
Colored lines indicate states with larger probabilities of the electron
being in the (110) surface atomic layer. Notation as in Fig. 1. Of
the Rashba-Dirac cones only a part of the upper cone in the Γ¯−H¯
direction (shown in orange and yellow at the upper right) is visible.
cones.
A similar calculation to that for Fig. 1 has been carried out
for a film with no surface relaxation, i.e., the bulk structure
of bcc tungsten was adopted without modification throughout
the 50 atomic layer film. The results are shown in Fig. 2(b)
for Bloch state energies and wave vectors near the location of
the Rashba-Dirac cone apex of Fig. 1. Only part of the upper
branch of the Rashba-Dirac cone in the Γ¯−H¯ direction is vis-
ible in Fig. 2(b) where it is lower in energy by ∼ 0.1eV than
in Fig. 1. Evidently, the surface relaxation is necessary for the
Dirac cone apex, the lower Dirac cone in the Γ¯−H¯ direction
and both the upper and lower cones in the Γ¯−N¯ direction to be
present for the tight binding model developed here, as has also
been the case for previous ab initio17 calculations. In both the
present tight binding model and the previous ab initio calcula-
tions the surface relaxation opens an energy gap between the
apex of the Rashba-Dirac cones and the top of the closest en-
ergy range (marked in green in Fig. 1) with an especially high
density of bulk states at the Γ¯ point. In the present model the
size of this gap is ∼ 0.06eV for the relaxed structure, a very
similar value to those obtained from ab initio calculations, for
example, also ∼ 0.06eV in Ref. 17. This gap is important
since if it were to close or become negative (as in Fig. 2(b)
for the unrelaxed surface structure) the states of the Rashba-
Dirac cones that fall in the energy range with the high density
of bulk states would hybridize so strongly with the bulk states
as to be damped out, as in Fig. 2(b), and would no longer be
observable as surface states.
The degree of quantitative agreement between the above
results for the Rashba-Dirac surface states and both exper-
iments and ab initio calculations for macroscopic tungsten
crystals13–23 is quite remarkable since all of the parameters of
the tight binding model (described in Section II) have been fit-
ted only to the electronic band structure41–43 of bulk bcc tung-
sten. The only information about the tungsten surface that has
been used as input in the present work is structural, namely,
the experimentally measured relaxation distance44,45 of sur-
face atomic layer towards the bulk. No fitting of any kind to
the properties of surface electronic states has been carried out.
This makes it possible to draw some previously inaccessible
conclusions about the nature of the tungsten (110) Rashba-
Dirac surface states and the mechanism responsible for them,
5Figure 3. (Color online) Surface states with strong spin polarization (shown in color) in the (110) surface atomic layer of a 50 atomic layer
thin film of tungsten with relaxed (110) surfaces. Calculated energies E of subband Bloch states vs. wave vector are plotted for a cut through
the 2D Brillouin zone in the H¯ direction. The spin quantization axis is in the (110) plane and perpendicular to the wave vector of the Bloch
state. States with more than 90% spin ↑ in the (110) surface atomic layer and with probabilities P of the electron being in the (110) surface
atomic layer are shown in red, orange and yellow for P > 0.3, 0.3 > P > 0.15 and 0.15 > P > 0.075 respectively. States with more than
90% spin ↓ in the (110) surface atomic layer and with probabilities P of the electron being in the (110) surface atomic layer are shown in dark
blue, mauve and pale blue for P > 0.3, 0.3 > P > 0.15 and 0.15 > P > 0.075 respectively.
based on what is and is not included in the Hamiltonian of the
present tight-binding model.
Importantly, the present tight binding model does not in-
clude electric fields that are due to charge transfer between the
tungsten and the vacuum near the surface or between the bulk
and surface layers, but despite this the Rashba-Dirac cones
that it yields agree very well with the results of the ab initio
calculations and with experiment. Therefore, although ab ini-
tio calculations indicate that such electric fields are present20
and they may, in principle, give rise to a Rashba effect, the
present work indicates that their effect on the properties of
the W(110) surface states with Dirac cone-like dispersion is
at most minor. Similarly, the excellent agreement between
the predictions of the present model for the very important
upward shift in energy of the Rashba-Dirac surface states
due to surface relaxation with the predictions of the ab ini-
tio calculations17 (as discussed above) indicates that the same
electric fields make an at most minor contribution to this ef-
fect. The present model shows that this upward shift is mainly
due to the increase in the overlapsOij between atomic orbitals
of the surface and bulk atomic layers of the tungsten that re-
sults from the surface relaxation and the associated changes
in the Hamiltonian matrix elements between these orbitals
through Eq. 1.
In the tight-binding formulation46 of the original Rashba
model,1 the only matrix elements of the spin-orbit Hamilto-
nian HSO that are considered are those that connect orbitals
with opposite spin on neighboring sites. These give rise to the
characteristic Rashba dispersion and spin polarization of the
electronic states. This intersite-spin-flip tight binding Rashba
Hamiltonian was introduced46 in work on spin precession
in Datta-Das transistors50 involving gated nanowires formed
from 2-dimensional electron gases (2DEG’s) in semiconduc-
tors. It has more recently been applied4 in studies of the quan-
tum spin Hall effect in topological insulators. The present
tight-binding Hamiltonian includes both intrasite [Eq.(2)] and
intersite [Eq.(4)] matrix elements of the spin-orbit Hamilto-
nian. In view of the above it is of interest to investigate the
roles that the intrasite and intersite matrix elements of the
spin-orbit Hamiltonian play in the formation of the Rashba-
Dirac cones of W(110) surface states. This is addressed in
Fig.4 where the results are shown of the same calculation as
for Fig.3 but with the intersite matrix elements of the spin-
orbit Hamiltonian set to zero. In Fig.4, as in Fig.3, surface
states with more than 90% spin ↑ or spin ↓ in the (110) surface
atomic layer are shown in color, using the same color scheme
as in Fig.3. The Rashba-Dirac cones of strongly spin polar-
ized surface states are still present in Fig.4 and the Rashba-
Dirac cone dispersion is little changed from that in Fig.3.
However, for the states of the Rashba-Dirac cones in Fig.4
the probabilities of finding the electron in the surface atomic
layer are significantly lower than in the corresponding states in
Fig.3 and the spin polarizations are typically also not quite as
strong. For some of the strongly spin polarized surface states
not belonging to the Rashba-Dirac cones, the probability for
finding the electron in the surface layer is substantially larger
(state a) or smaller (state b) in Fig.4 than in Fig.3. It follows
that intrasite (and not intersite) matrix elements of the tight-
6Figure 4. (Color online) Surface states with strong spin polarization (shown in color) in the (110) surface atomic layer of a 50 atomic layer
thin film of tungsten with relaxed (110) surfaces calculated with the intersite matrix elements of the spin-orbit Hamiltonian [Eq. (4)] omitted
from the calculation. Meaning of the colors is as in Fig. 3.
binding spin-orbit Hamiltonian are primarily responsible for
the occurrence of Rashba-like surface states at W(110) sur-
faces, although the intersite matrix elements modulate some
details quantitatively. This finding also strongly suggests that
not only intersite matrix elements (as in Ref. 4) but also in-
trasite matrix elements of the spin-orbit Hamiltonian need to
be included when considering Rashba-like effects in theoreti-
cal work on topological insulators, spin Hall phenomena and
related topics. It also suggests that the mechanism respon-
sible for the Rashba-like dispersion and spin polarization of
W(110) surface states differs fundamentally from that of the
original Rashba effect since that can be modelled46 with just
intersite matrix elements of the spin-orbit Hamiltonian. This
conclusion is consistent with that reached earlier47 (regard-
ing the relative weakness of Rashba splittings due to charge
distribution asymmetry) for surface states of other materials,
although the reasoning used then47 was entirely different and
did not involve tight-binding models.
IV. CONCLUSIONS
In this article, a tight-binding model of bcc tungsten that in-
cludes spin-orbit coupling has been introduced and applied to
study the properties of the Rashba-Dirac-like surface states of
(110) tungsten thin films. Although the model is fitted to only
the bulk electronic band structure of bcc tungsten, because it
is based on extended Hu¨ckel theory it is flexible enough to
account very well for the striking effect on the electronic sur-
face states of the films of the relaxation of the surface atomic
layer of the tungsten towards the bulk. The results obtained
are consistent with the findings of previous ab initio calcula-
tions and experiments on the surface states of bulk tungsten
crystals. However, the present work has revealed that hy-
bridization with bulk modes impacts the states of the upper
and lower Rashba-Dirac cones of W(110) surfaces in quali-
tatively different ways: While hybridization does not, for the
most part, affect the direction of the group velocity of elec-
trons in states belonging to the lower Rashba-Dirac cone, the
group velocities of electrons in the states of the upper Rashba-
Dirac cone are reversed by hybridization relative to their di-
rection predicted by Rashba phenomenology, except in the im-
mediate vicinity of the cone’s apex. This implies reversal of
the directions of travel of spin ↑ and ↓ surface electrons of
the upper Rashba-Dirac cone relative to those expected from
the phenomenology. In this article, the hybridization has also
been shown to be much weaker for the lower Rashba-Dirac
cone than for the upper Rashba-Dirac cone. The present work
has also shown that electric fields that are due to charge trans-
fer between the tungsten and the vacuum near the surface or
between the bulk and surface layers do not significantly af-
fect the tungsten (110) Rashba-Dirac surface states. It has
also shown the effect of the surface relaxation on the Rashba-
Dirac surface states to be due to the increased overlaps be-
tween atomic orbitals of the surface and neighboring layers
resulting from the relaxation. It has also demonstrated that,
unlike in tight-binding models of the Rashba effect in semi-
conductor 2DEG’s, intrasite (not intersite) matrix elements of
the spin-orbit Hamiltonian are primarily responsible for the
formation of the tungsten (110) Rashba-Dirac cones, and for
their dispersion and their spin polarization. This finding may
have important implications for theoretical modeling of topo-
logical insulators, spin Hall phenomena and related topics.
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